ABSTR AC T
Background and study aims Use of carbon dioxide (CO 2 ) instead of room air (RA) during colonoscopy in adults revealed significantly less flatulence and abdominal pain in several studies. The objectives of this study were to investigate the effects of CO 2 usage on post-interventional pain, abdominal discomfort, abdominal girth, pCO 2 levels, and narcotic requirement in deeply sedated pediatric patients.
Patients and methods A total of 97 children and adolescents aged 4 years to 17 years undergoing colonoscopy were randomized to RA or CO 2 in a prospective, randomized, controlled trial. Age-appropriate pain scales assessed abdominal pain as primary outcome. In addition, abdominal girth, abdominal bloating, transcutaneous pCO 2 , narcotic requirement to achieve deeply sedation, and post-procedural analgesic demand was analyzed in 73 patients.
Results Overall, significantly fewer patients reported bloating in the CO 2 group (P = 0.0012). However, we observed only a trend to lower post-interventional pain (P = 0.15) and a lower pain score. There was no significant difference in transcutaneous pCO 2 level and no adverse events occurred. Although there was no difference in the dosage of propofol and midazolam, we observed a significant increased necessity for use of synthetic opioids in the RA group to achieve optimal examination conditions (P = 0.023).
Conclusions
The benefits using CO 2 in colonoscopy of deeply sedated children predominate. In particular, CO 2 insufflation may allow a less painful post-interventional time and it significantly reduces abdominal bloating. Moreover, with CO 2 , significantly less additional opioids were used. Thus, CO 2 insufflation can be considered as safe in deeply sedated patients as there was no relevant pulmonary CO 2 retention observed. (DRKS00013914) children and adolescents as there were no data from pediatric RCTs available at that time. Our primary aim was to determine whether CO 2 reduces post-procedural pain. The secondary aims were to assess abdominal distension, bloating, pulmonary CO 2 retention, and the impact on use of anesthetics in pediatric patients.
Patients and methods

Patient enrollment and randomization
The study was a prospective RCT (DRKS00013914) approved by the institutional review board of Ulm University (N o 304/12) and was conducted according to the current version of the Declaration of Helsinki Ethical Principles for medical research [13] . Children aged 4 to 17 years who underwent colonoscopy at the Department of Pediatrics and Adolescent Medicine of the University Medical Centre Ulm, Germany, were consecutively enrolled between January 2014 and December 2016. Informed written consent was obtained from the legal guardian and study information was handed out to all participants and parents before the study. Patients with cardiac problems, acute pulmonary infections and chronic lung disease, mental disability, pregnancy, and patients with known allergy of propofol and midazolam were excluded from the study as were patients with colon resection or stomata. Patients were recruited for the study by the endoscopist and randomly assigned to receive insufflation with either CO 2 or RA during their colonoscopy by envelope method. Allocation bias was minimized in both arms by using different sealed envelopes for girls and boys, and for age groups 4 to 12 year and 13 to 17 year. The study subjects, their parents, the nursing staff and the anesthesiologist and pediatrician involved in data collection or sedation and pain treatment were blinded to the type of insufflation used, but not the endoscopist to ensure proper technical performance. Sealed envelopes were opened by the endoscopist immediately before colonoscopy to switch on and off the CO 2 regulation unit. All study data were registered anonymized on data sheets.
Endoscopic procedure and CO 2 insufflation
Patients received a standardized full bowel cleansing according to age and body weight. Colonoscopies were performed by using small-caliber pediatric video-colonoscopes (Olympus EX-ERA series PCF-Q180, Germany) connected with a Xenon light source and an endoscopy video center (EVIS EXERA III CLV-190 and CV-190, Olympus, Germany). In some patients, depending on the indication, upper gastrointestinal endoscopy also was performed. For CO 2 insufflation, an endoscopic CO 2 regulation unit (UCR Olympus, Germany) connected to a CO 2 medical gas cylinder via a cylinder hose was used. The CO 2 insufflator gas flow rate was controlled by a low flow gas tube (MAJ-1742, Olympus, Germany), connected with the water container (MAJ-902, Olympus, Germany). The manufacturer's data indicated a gas flow rate of 1.2 l/min CO 2 for the low-flow gas tube and 1.08 l/ min room air via the light source CLV-190 using the pediatric colonoscope. Three experienced pediatric gastroenterologists and one trainee (not reached 50 endoscopies of the lower gastrointestinal tract in children) performed the colonoscopies and the total procedure time was documented.
Measurement of abdominal pain and assessment of abdominal discomfort
Abdominal pain sensation in the patients before and after the procedure as the primary outcome measure was assessed by combining a 10-point visual analogue scale (VAS), numerical rating scales from 0 (no pain) to 10 points (maximal pain as worse as it could be), a colored analog scale and a face pain scale (scored 0, 2, 4, 6, 8, 10) (▶ Supplemental Table 1 ) appropriate for the study age group [14] . The participants were asked about pain 15 minutes before the examination and 15, 60, and 180 minutes and 24 hours afterwards. Necessity for pain-related analgetic usage was fixed in the health record of the patients. Abdominal discomfort was assessed post-procedure in a questionnaire by asking patients if they had abdominal pain (yes or no) and where. In addition, need for additional pain reliever was assessed and they were asked if they were bedridden (not at all, a little, or the whole day).
Measurement of abdominal distension and assessment of bloating
Abdominal girth at the navel was measured with a tape 5 minutes before and 5 and 60 minutes after the colonoscopy, indicating abdominal distension. Abdominal bloating was assessed post-procedure in a questionnaire by asking the patients if they felt mild or strongly bloated or not at all.
Transcutaneous pCO 2 measurement
Transcutaneous pCO 2 (p TC CO 2 ) was measured continuously with a noninvasive sensor (TCM TOSCA, Radiometer, Germany) attached to the ear lobe during the procedure. P TC CO 2 values were documented at particular times: at beginning of sedation, during colonoscopy (the highest and lowest) and afterwards. In addition, p TC CO 2 values were correlated with venous measured pCO 2 in some patients to confirm reliability of the setting. The reliability of p TC CO 2 measurement was already demonstrated by others [15, 16] . Oxygen saturation was measured by pulse oximetry.
Registration of the narcotics
Colonoscopies were performed in deeply sedated patients for optimal conditions during the examination. All patients were primarily sedated with midazolam and propofol by an anesthesiologist. In addition, further narcotics (alfentanil, remifentanil, ketamine) were used depending on patient need to achieve deep sedation and optimal examination conditions and prevent undesirable side effects caused by too high doses of propofol (4 mg/kg body weight per hour). The total dose of the narcotics (mg/kg or µg/kg) was registered from the anesthetics protocol. Of note, the anesthesiologist was blinded in regard to the gas insufflated.
Study end points
The primary end point of the study was assessment of patients' post-interventional pain sensation after 60 minutes. Secondary end points included post-interventional pain sensation after 15 and 180 minutes and 24 hours by VAS, subjective abdominal discomfort, objective abdominal distention, determined by abdominal circumference at the navel, the pCO 2 levels assessed by transcutaneous measurement, total procedure time, and narcotic requirement to achieve deeply sedation and post-procedural analgesic demand.
Statistical analysis
Descriptive statistics were calculated for all categorical variables in absolute and relative frequencies. Continuous variables were analyzed by means of mean, standard deviation (SD), median, as well as minimum and maximum. Differences between CO 2 and RA patients were assessed using the independent samples t-test in case of normally distributed variables and the Mann-Whitney-U test otherwise. Categorical variables were analyzed by means of the χ 2 test or Fisher's exact test, respectively. The proportion of individuals reporting no pain on the VAS was exploratively compared at 15, 60, 180 minutes and 24 hours after intervention also using the χ 2 or Fisherʼs exact test.
Adjunct criteria were defined as abdominal distension, duration of the examination, pCO 2 , and narcotic requirement. The graphical presentation is made as mean (+/-SD) as well as median value in Box & Whisker plots. The level of statistical significance was set at P < 0.05. All statistical analyses were performed using WinStat (Microsoft Excel by Koch Software).
Sample size calculation and post-hoc power analysis
We used the 2-sided Z test for difference between two independent means (two groups). Based on previous adult studies, we assumed an effect size d = 0.67 regarding pain reduction. A sample size of 36 subjects in each group achieved 80 % power to detect significance (α = 0.05). Post-hoc power analysis was performed on the basis of the mean values of the RA and CO 2 group regarding pain reduction, abdominal discomfort and narcotic usage.
Results
A total of 260 colonoscopies were performed during the study period. Finally, 97 eligible children and adolescents agreed to participate and were randomized into CO 2 or RA insufflation ( ▶ Fig. 1) . A total of 73 randomized patients with complete data sets were analyzed. The age of the CO 2 group ranged between 4 and 17 years with a mean age of 13.7 years (± 3.2) (▶ Table 1 ). The RA group was 7 to 17 years old with a mean age of 12.7 (± 2.7). CO 2 was used for insufflation in 39 patients (22 male, 17 female) and RA in 34 patients (18 male, 16 female) (▶ Table 1) .
Collectively, 44 patients (60.3 %) underwent colonoscopy because of an inflammatory bowel disease (n CO 2 = 26/66.7 %; n RA = 18/52.9 %). Other reasons were chronic abdominal pain, diarrhea, hematochezia, polyposis and constipation (▶ Table 1 ).
Duration of colonoscopies varied between 15 and 120 minutes in both groups. Mean total procedure time was 31.3 minutes (± 13.2) in the CO 2 group compared with 31.5 minutes (±16.7) in the RA group (P > 0.94 not significant, ▶ Table 1 ). Colonoscopy duration was comparable in both age groups (children 4 -12 years: mean 32.3 min (SD ± 13.4 min) vs. teenagers: mean 30.9 min (SD ± 16.2 min)). The three experienced pediatric endoscopists performed 65 (89 %) of the colonoscopies and mean total procedure time among them ranged from 27.8 minutes to 37.3 minutes compared to 42.6 minutes for the trainee (▶ Supplemental Fig. 1) .
No interventional adverse event occurred in any patient. Baseline characteristics were similar across the study groups (▶ Table 1 ). In spite of randomization, there are approximately two homologous examination groups.
Effect of CO 2 insufflation on post-procedural abdominal pain
A total of 30 patients undergoing colonoscopy experienced pain, of whom 13 received CO 2 (33.3 %) and 17 RA (50 %) (P = 0.15) (▶ Table 1 ). In addition, VAS scores for pain were lower in the CO 2 group compared to the RA group at all time points (15 and 60 minutes as well as 3 and 24 hours) after the exami- Original article nation (▶ Fig. 2) . If the mean pain score is set to 100 % at the time point of 60 minutes after the intervention with RA, the mean value of the CO 2 group is 80 %. However, these differences reached not significance.
Irrespective of the insufflated gas, maximum pain was noticed 60 minutes after the examination and pain decreased continuously thereafter in both groups. The CO 2 group showed a wide range of pain intensity post-procedure at 60 minutes, although the majority of this group declared no pain compared to the RA arm (P = 0.27).
Only one patient undergoing colonoscopy with CO 2 insufflation needed analgesics after the procedure due to abdominal pain. No participant declared pain that hampered him from getting out of bed.
Effect of CO 2 insufflation on abdominal distension and bloating
Patients receiving CO 2 reported significantly less bloating in comparison with patients in the RA group (P = 0.0012) (▶ Table 1). Twenty-seven patients (69.2 %) undergoing colonoscopy with CO 2 insufflation reported no bloating compared to 10 patients (29.4 %) receiving RA insufflation.
In addition, the differences between the abdominal girth before and 5 or 60 minutes after colonoscopy were compared. Five minutes after the examination the mean difference was 2.8 cm (± 1.5) in the CO 2 group and 2.7 cm (± 2.1) in the RA group (P = 0.59) ( ▶ Supplemental Fig. 2) . Accordingly, 60 minutes after colonoscopy there was no significant difference in abdominal girth, 1.2 cm (± 1.2) in the CO 2 group versus 1.6 cm (± 1.5) in the RA group (P = 0.4) (▶ Supplemental Fig. 3 ). Fig. 3 ). There was no significant difference in p TC CO 2 levels between the groups before, during and after the procedure.
▶
Narcotic usage during the procedure
All but one patient received propofol for sedation. The mean dosage of propofol and midazolam were similar in both study groups (propofol 5.7 mg/kg, midazolam 0.08 mg/kg per examination) and independent of the indication (▶ Supplemental  Fig. 3 ). Subject to the patient, further narcotics such as alfentanyl, remifentanil, and ketamine were used to achieve optimal examination conditions. Sixteen patients (43.5 %) in the CO 2 -group and 23 (67.6 %) in the RA group needed additional narcotics (P = 0.023) (▶ Table 1 ).
Post-hoc power analysis
Post-hoc power analysis revealed a power of less than 10 % for post-procedural abdominal pain assessments by VAS after 60 minutes (primary endpoint) and 180 minutes and less than 30 % for abdominal pain at all. The post-hoc power analysis for abdominal bloating was 98 % and additional narcotic usage 52 %.
Discussion
We performed a prospective RCT comparing CO 2 versus RA insufflation during colonoscopy to investigate post-procedural pain, abdominal discomfort and distension, narcotic requirement and pCO 2 retention in deeply sedated pediatric patients. This study may be biased as the endoscopists were not blinded to randomization. Overall fewer patients reported abdominal pain by trend and significantly fewer patients felt bloated in the CO 2 group. However, this was reflected only by a slightly lower post-interventional pain score, documented at 1, 3 and 24 hours, and it did not reach significance. Already, several RCTs in adults have reported a reduction in pain after colonoscopy with CO 2 insufflation, either significant or by trend [1 -5, 7, 9, 10, 17] . Reduction in pain was observed at between 1 and 6 hours after examination [6] . This is in line with our observation and that of another pediatric RCT investigating CO 2 versus RA insufflation in slightly older patients with very similar patient characteristics [18] . Interestingly, we observed much lower pain scores using an ageappropriate combination of a 10-point VAS, a numerical rating scale, a colored analog scale and a face pain scale than reported with assessment of abdominal pain using a numeric pain scale (NRS-11) [18] . Of note, in our study, considerably fewer patients received upper gastrointestinal endoscopies (58 % versus 80 %) and children older than age 3 years were included in contrast to those older than age 6 years in the other pediatric study. In addition, different sedation protocols were used that may also influence absolute pain scores. As a result, our effect size was lower than expected and accordingly our sample size was underrated as shown by our post-hoc power analysis regarding the primary endpoint of post-procedural abdominal pain reduction.
Abdominal bloating was significantly reduced using CO 2 insufflation instead of RA in the current study. This was also re- Box and whisker plots of the maximum value of the p TC CO 2 (in mmHg) during the examination, separated into the different types of gas. The whiskers indicate the 5 % and 95 % quantile (x), the median is symbolized by a -, the maximum or the minimum by a + (P = 0.27).
flected in studies in adults. However, the comparability is somehow limited as measurement of bloating was different [9, 19] . Mostly, flatulence was explored using questionnaires with different scales of points [4] compared to others using abdominal radiography to measure distension of bowel lumen in adults [1, 2] . Interestingly, in almost three-quarters of patients receiving RA, colon diameter was still over 6 cm 1 hour after the procedure compared to 4 % of those examined with carbon dioxide [2] . Here we used abdominal girth at the navel to detect abdominal distension due to over-distended bowel and observed a significantly faster decrease in abdominal circumference in the carbon dioxide group than in the RA group 1 hour after the procedure. However, surprisingly this difference was not significant. Similarly, this was also reported in the pediatric study by Homan et al. and suggests that measuring abdominal circumference is not an accurate method to assess over-distended bowel [18] . However, exposure to radiation for a more accurate measurement is not justified in children and will not be approved by the Federal Office for Radiation Protection.
Although there was no difference in dosage of propofol and midazolam, we observed a significant increased necessity for additional synthetic opioid use in the RA group compared to the carbon dioxide group to achieve optimal examination conditions independent of the indication. This may reflect a more painful examination during the colonoscopy using RA compared to carbon dioxide and is supported by a study showing lesser request for on-demand sedation in adults starting colonoscopy without premedication using carbon dioxide [20] . In addition, lesser demand for sedation is reported in adults undergoing advanced endoscopic procedures e. g. double-balloon enteroscopy or colorectal submucosal dissections using CO 2 [21, 22] . Furthermore, additional opioid use may also diminish reported post-procedural abdominal pain in these patients as these drugs are still effective after the examination. Thus, lower differences observed in the VAS between both groups at 1 and 3 hours in our study may be a result of analgesic effects of these synthetic opioids. Therefore, assessment of the smaller effect of CO 2 insufflation on VAS in our study should take into account that adults received less opioids for endoscopy in these studies [4, 16, 21 -24] and sedation of children in the other pediatric study was based on a combination of ketamine and midazolam. This is the first pediatric study monitoring pCO 2 during colonoscopy. Of note, no pathological increase in transcutaneous pCO 2 was reported leading to a discontinuation of the investigation. Although the maximum pCO 2 value in the carbon dioxide group was higher than in the RA group (61 versus 54 mmHg) on average, there was no significant difference between the groups in maximum pCO 2 levels. Hence, carbon dioxide insufflation for endoscopy in children is as safe as in adults.
Conclusion
In conclusion, the benefits of using carbon dioxide during colonoscopy of deeply sedated children predominate. In particular, CO 2 insufflation reduces abdominal bloating significantly and may allow a less painful post-interventional time in children. In this study of deeply sedated children, pain score assessed by VAS in children receiving RA was already considerably lower than in other studies and minimized the effect on post-interventional pain reduction in the CO 2 group. However, significantly fewer synthetic opioids were used during colonoscopy using carbon dioxide, indicating a less painful examination. In addition, carbon dioxide insufflation can be considered as safe in deeply sedated pediatric patients as there was no relevant pulmonary CO 2 retention observed. In this respect, carbon dioxide instead of RA can be recommended for endoscopy in children. Further pediatric RCTs are needed to verify the impact of CO 2 insufflation on pain perception. 
